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We report a new semitransparent inverted polymer solar cell (PSC) with a structure of glass/FTO/nc-TiO2/P3HT:
PCBM/MoO3/Ag/MoO3. Because high-temperature annealing which decreased the conductivity of indium tin
oxide (ITO) must be handled in the process of preparation of nanocrystalline titanium oxide (nc-TiO2), we replace
glass/ITO with a glass/fluorine-doped tin oxide (FTO) substrate to improve the device performance. The experimental
results show that the replacing FTO substrate enhances light transmittance between 400 and 600 nm and does not
change sheet resistance after annealing treatment. The dependence of device performances on resistivity, light
transmittance, and thickness of the MoO3/Ag/MoO3 film was investigated. High power conversion efficiency (PCE)
was achieved for FTO substrate inverted PSCs, which showed about 75% increase compared to our previously reported
ITO substrate device at different thicknesses of the MoO3/Ag/MoO3 transparent electrode films illuminated from the
FTO side (bottom side) and about 150% increase illuminated from the MoO3/Ag/MoO3 side (top side).
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Bulk heterojunction (BHJ) polymer solar cells (PSCs)
have been extensively investigated as a new energy
substitute due to their low cost, solution processing
capability, and flexibility in fabricating large-area devices
[1-6]. So far, the power conversion efficiency (PCE) of BHJ
PSCs has recently achieved 9.2% or more [7,8]. It is very
close to the commercialization level. However, there are
some factors limiting the efficiency of PSCs, such as
low absorption efficiency and narrow absorption range,
short exciton diffusion length, low charge carrier mobility,
and so on [9,10]. One of the possible strategies to
increase its PCE is to stack two or more cells with
different spectra response together as tandem solar
cells [8,11]. It is particularly important to study semitrans-
parent solar cells on the investigation of tandem solar
cells. Meanwhile, semitransparent BHJ PSCs are also* Correspondence: lfm0613@gmail.com; mrchenchong@163.com
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The semitransparent BHJ PSCs require transparent
electrodes on both bottom and top sides. There are many
researches that focus on top transparent electrodes while
the bottom ones typically use indium tin oxide (ITO)
electrodes with high transparency in the visible light
region [13-18]. And these top transparent electrodes
may use one type of thin metal (such as the highly
reflective anode Al (100 nm) replaced by a transparent
layer of Ag (20 nm) or by a transparent layer of Au
(12 nm) [13,14]), may stack two or more thin metals
(such as Al/Au (0.5 nm/15 nm) [15,16]), or may use
multilayer composite structure (such as PEDOT:PSS/
PH1000/WOx (40 nm/70 nm/20 nm), WO3/Ag/WO3
(10 nm/13 nm/40 nm) [17,18]) and so on.
In our previous reports [19], ITO substrate semitrans-
parent inverted PSCs were studied. The conductivity
of ITO decreased because high-temperature (500°C)
annealing must be handled during the preparation of
nanocrystalline titanium oxide (nc-TiO2). This reporten Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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semitransparent inverted PSCs employing a sol-gel-derived
TiO2 electron-selective layer (ESL) and with a multilayer
anode structure of MoO3/Ag/MoO3. The inner MoO3
layer, which served as a hole transport material (HTM), is
inserted between the active layer and Ag to enhance hole
collection, and the outer MoO3 layer is used as a top
capping layer to enhance light coupling.
The results show that the replacing FTO substrate
enhances light transmittance between 400 and 600 nm but
does not change sheet resistance after annealing treatment.
Compared to our reported ITO substrate inverted PSCs,
high PCE about 75% increase was achieved for the FTO
substrate device when illuminated from the FTO side
(bottom side) and about 150% increase done when
illuminated from the MoO3/Ag/MoO3 side (top side).
Methods
The photovoltaic device has a structure of FTO/nc-TiO2/
P3HT:PCBM/MoO3/Ag/MoO3, (P3HT, Luminescence
Technology Co., Palo Alto, CA, USA; 95 + % regioregular,
electronic grade, PCBM, Luminescence Technology Co.,
Palo Alto, CA, USA, 99.5 + %) as shown schematically
in Figure 1. The FTO conducting glass substrate
(with a sheet resistance of <15 Ω/□) was pre-cleaned
using acetone, ethanol, and deionized (DI) water for
15 min each. Anatase phase TiO2 thin films were prepared
through a sol-gel method similar to our previous papers
[20,21]. The procedure for the preparation of TiO2-sol
involved the dissolution of 10 ml Ti(OC4H9)4 in 60 ml
ethanol (C2H5OH), followed by adding 10 ml acetyl
acetone. Then, a solution, composed of 30 ml C2H5OH,
2 ml DI water, and 2 ml hydrochloric acid (HCl) with a
density of 0.28 mol/l, was added dropwise under vigorous
stirring. The final mixture was stirred at room temperature
for 24 h. Subsequently, TiO2-sol was spin cast on FTOFigure 1 Schematic structure drawing of semitransparent
inverted polymer solar cells.conducting glass substrates at 3,000 rpm for 40 s. Then, the
samples were annealed at 500°C for 30 min in a muffle
furnace. The typical thickness of TiO2 is 25 nm. For
the active layer, P3HT (used as received) was dissolved in
1,2-dichlorobenzene to produce an 18-mg/ml solution,
followed by blending with PCBM (used as received) in 1:1
weight ratio [22]. The blend was stirred for 24 h in a
nitrogen-filled glovebox before spin coating on top of the
TiO2 film surface. Then, the samples were annealed at
150°C for 10 min on a hot plate in the glovebox. The
typical film thickness of P3HT:PCBM was about 100 nm.
Finally, 1 nm of MoO3, 10 nm of Ag, and x nm (x =20, 40,
60, and 80 nm) of MoO3 were thermally evaporated
in sequence under high vacuum (5 × 10−4 Pa) without
disrupting the vacuum. The deposition rate which was
monitored with a quartz-oscillating thickness monitor
(CRTM-9000, ULVAC, Methuen, MA, USA) was about
0.05 nm/s. The active area of the device was about 4 mm2.
Current density-voltage (J-V) characteristics were mea-
sured using a computer-programmed Keithley 2400 source
meter (Keithley 2400, Keithley Instruments, Inc., Cleveland,
OH, USA) under AM1.5G solar illumination using a
Newport 94043A solar simulator (Newport 94043A,
Oriel, Irvine, CA, USA). The intensity of the solar
simulator was 100 mW/cm2. Light intensity was corrected
by a standard silicon solar cell. The transmission and
reflection spectra were measured using ultraviolet/visible
(UV-VIS) spectrometer (Carry 5000, Agilent Technologies,
Inc., Santa Clara, CA, USA). The resistivity and sheet
resistance were measured using four-point probe resistivity
measurement (JG SZT-C).
Results and discussion
As shown in Figure 2a, the J-V characteristic curves of
the device FTO/nc-TiO2/P3HT:PCBM/MoO3 (1 nm)/Ag
(10 nm)/MoO3 (x nm) (x =20, 40, 60, and 80 nm) under
AM1.5G solar illumination of 100 mW/cm2 in ambient
air when illuminated from the FTO side (bottom). The
detailed results are given in Table 1. Compared with
our previous results [19] (the device has a structure
of ITO/nc-TiO2/P3HT:PCBM/MoO3 (1 nm)/Ag (10 nm)/
MoO3 (x nm)), there is a similar variation that the
PCE increases with increasing MoO3 thickness when
illuminated from the FTO electrode. It is known that
reflectance of the top electrode plays an important
role in trapping light for the active layer to reabsorb.
The reflectance peaks of the MoO3/Ag/MoO3 electrode
are redshifted and would match better to the absorption
spectra of the active layer (400 to 650 nm) when the
thickness of the MoO3 capping layer increases [19,20]. As
a result, high PCE is achieved for FTO substrate inverted
PSCs, which shows about 75% increases compared to the
reported ITO substrate device at different thicknesses
of the MoO3 capping layer of the MoO3/Ag/MoO3
Figure 2 J-V characteristics. J-V characteristics of device FTO/
nc-TiO2/P3HT:PCBM/MoO3 (1 nm)/Ag (10 nm)/MoO3 (x nm) (x =20,
40, 60, and 80 nm) depending on the thickness of the MoO3
capping layer when illuminated from (a) the ITO side and (b) the
MoO3/Ag/WO3 side.
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1.40% to 2.43%, 1.55% to 2.62%, 1.64% to 2.87%, and
1.76% to 3.09% at MoO3 capping layer thicknesses of
20, 40, 60, and 80 nm, respectively.
When illuminated from the MoO3/Ag/MoO3 electrode
side (top), the efficiency decreases from 2.19% to 1.62%
with increasing thickness of MoO3. This phenomenon,Table 1 Characteristic data of semitransparent inverted polym
Device (nm) Illumination Jsc (mA/cm
2) Voc (V)
20 Bottom 6.00 0.64
20 Top 5.78 0.61
40 Bottom 6.48 0.64
40 Top 5.32 0.60
60 Bottom 7.07 0.64
60 Top 4.83 0.60
80 Bottom 7.45 0.64
80 Top 4.20 0.60
Different thicknesses of the MoO3 capping layer illuminated from the ITO (bottom)which is similar with that of the reported ITO substrate
devices (0.96% to 0.60%), might result from the reduced
transmittance of MoO3/Ag/MoO3 between 400 and 650
nm when increasing the MoO3 thickness. Figure 2b
shows the J-V characteristic curves. The detailed results
are given in Table 1. Meanwhile, PCE for FTO substrate
inverted PSCs shows about 150% increase compared to
the reported ITO substrate. The PCE increases from
0.96% to 2.19%, 0.82% to 1.99%, 0.72% to 1.84%, and
0.60% to 1.64% at MoO3 capping layer thicknesses of 20,
40, 60, and 80 nm, respectively.
One reason of these increases might be that the
impact of FTO substrate samples on the environment
is reduced, in which the process was in a nitrogen-filled
glovebox while the reported process was in the air. The
second reason might be that the resistivity of the ITO
substrate increases after annealing treatment at high
temperature while the resistivity of the FTO substrate
does not. For ITO, the oxygen hole as carrier reduction
causes the decrease of conductivity after annealing.
The third reason might be that the light transmittance of
the FTO substrate was a little higher than that of the ITO
substrate.
Here, we measured the resistivity of ITO and FTO
substrates after annealing treatment at different tempera-
tures (T =20°C, 100°C, 200°C, 300°C, 400°C, and 500°C)
for 30 min. The curve is shown in Figure 3. For the ITO
substrate, resistivity has a little change while annealing
temperature is below 200°C and increases while annealing
temperature is more than 300°C obviously. For the FTO
substrate, resistivity has little change while annealing
temperature is below 500°C. The inset in Figure 3 is the
corresponding square resistance. For the ITO substrate,
square resistance is 7.96 Ω/□ when annealing temperature
is at 20°C and 40.65 Ω/□ at 500°C. It is about five times
over. For the FTO substrate, square resistance is 13.48
Ω/□ when annealing temperature is at 20°C and 13.61
Ω/□ at 500°C which are of almost equal values. Because
the oxygen holes as conductive carriers in the ITO
decrease after 300°C annealing, the resistivity and sheeter solar cells
FF (%) PCE (%) Rs (Ω cm) Rsh (Ω cm)
63.28 2.43 14.01 713.78
62.11 2.19 13.28 1,005.03
63.18 2.62 12.53 1,247.99
62.34 1.99 11.18 1,075.78
63.43 2.87 10.61 629.88
63.49 1.84 12.82 938.78
64.81 3.09 10.72 898.55
64.28 1.62 18.75 1,643.84
and MoO3/Ag/MoO3 (top) sides.
Figure 3 Resistivity of ITO and FTO substrates after annealing
treatment at different temperatures. T =20°C, 100°C, 200°C, 300°C,
400°C, and 500°C for 30 min. The inset shows the corresponding
square resistance.
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500°C. This is well matched with the causes.
Figure 4 shows the transmittance spectra of ITO and
FTO substrates after annealing treatment at 20°C and
500°C for 30 min and the absorption spectra of the
P3HT:PCBM active layer. The absorption spectra range
of the active layer is approximately 400 to 650 nm. In
this range of wavelength, it can be seen that the
transmittance of the FTO substrate is over 85% which
is higher than that of the ITO substrate (between
75% and 85%). The active layer of the FTO substrate
device can receive more sunlight than that of the
ITO substrate device in a wavelength range of 400 to
650 nm. Meanwhile, the transmittance has been roughly
unchanged after annealing at 500°C for the FTO substrate.
For the ITO substrate, the transmittance has reduced andFigure 4 Transmittance spectra of ITO and FTO substrates after
annealing treatment at 20°C and 500°C. The hollow star line is
the absorption spectra of P3HT:PCBM active layer.has a slight redshift. It might be caused by the reduction
of oxygen vacancies.
Conclusions
In summary, we demonstrated conductive FTO substrate
semitransparent inverted PSCs with high-temperature
annealing of nc-TiO2 as an electron-selective layer. The
performances of PSCs with different substrates and
different thicknesses of the MoO3 capping layer are
investigated and compared. As a result, higher PCE was
achieved for FTO substrate semitransparent inverted
PSCs than that for the ITO substrate both illuminated
from the bottom side and from the top side. For
structurally identical PSCs, with increasing thickness of
the MoO3 capping layer, the PCE is enhanced when
illuminated from the bottom side but decreased when
illuminated from the top side.
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